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Pre-B-cell receptor complex: 
Supplemental Experimental Procedures
Chromatin immunoprecipitation (ChIP): Ex-vivo cultured B-cell precursor cells were prepared for ChIP-seq analysis according to (Yamane et al., 2013) with minor modifications: All cells used for ChIP-seq were depleted of dead/apoptotic cells using the dead cell removal kit (Miltenyi). Formaldehyde used for crosslinking was from Alfa Aesar and cells were snap-frozen as cell pellets before start of the ChIP procedure. Before sonication, cell pellets were re-suspended in 130µL of sonication buffer (0.5% SDS, 10mM Tris-HCl pH7.6) supplemented with protease and phosphatase inhibitor (Roche) and incubated for 20 minutes on ice. Sonication was performed using microTUBE AFA 6x16mm on the Covaris S220 sonicator and the following settings to yield an average DNA fragment size of 300bp: peak power 105, duty factor 5 and cycles/burst 200 for 5 minutes. Sonicated cells were transferred to concentrated RIPA buffer (10mM Tris-HCl pH7.6, 1.15mM EDTA, 0.04% SDS, 1.15% TritonX-100, 0.115% sodium deoxycholate) to yield 1ml of 1X RIPA buffer described in (Yamane et al., 2013) , and subjected to ChIP using 5µg ab/12-15x10 6 cells of the following antibodies: Anti-gamma H2A.X (phospho S139) antibody -ChIP Grade (ab2893) (Abcam), Anti-Histone H3 (acetyl K27) antibody -ChIP Grade (ab4729) (Abcam), polyclonal rabbit IgG (isotype control) (sc2027) (Santa Cruz Biotechnologies). All sonications were verified by agarose gel electrophoresis, and respective immunoprecipitations controlled by Western blot. ChIP pull-down DNA was quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher).
ChIP-Seq library preparation:
ChIP-seq libraries were generated from ChIP pull-down DNA or from input DNA of the same ChIP procedure in parallel as control using the NEBNext® ChIP-seq Library Prep Master Mix Set and NEBNext Multiplex Oligos for Illumina (NEB). Pre-amplified ChIP-seq libraries were then sequenced by the genomics facilities of the Medical Research Council (MRC) and Imperial College London (ICL).
ChIP-Seq libraries:
In total, 15 ChIP libraries were generated: Two repeats of γH2AX-ChIP-seq from two individual and time-separated experiments for BCR-ABL1 and C-MYC transduced and IL7 cultured B-cell precursors harvested on day 7 post oncogene induction. Respective control libraries using isotype control antibodies for ChIP or input DNA were generated in parallel. In addition, one γH2AX-ChIP-seq library from long-term cultured (>D50) BCR-ABL1-transformed B-cell precursors was generated in parallel. These >D50 cells had been additionally treated for 2 hours with 10mM Hydroxyurea before harvest. For H3K27ac analysis four ChIP-seq libraries have been generated: One H3K27ac-ChIP-seq library each for BCR-ABL1 and C-MYC transduced IL7 cultured B-cell precursors harvested on day 7 post oncogene induction, and two respective input DNA control libraries. Five additional ChIP-seq libraries were generated on BCR-ABL1-transformed B-cell precursors (CEBPA experiment, Figure 6 ) cultured in the absence of IL7 and originally obtained from Markus Müschen laboratory . These include one library each for cells carrying an inducible CEBPA transgene treated either with Doxycycline or not, and one library for control cells carrying the inducible vector without CEBPA (empty vector, EV) and treated with Doxycycline. For CEBPA +DOX and EV +DOX conditions input DNA control libraries were generated.
ChIP-Seq read processing and generation of custom tracks:
Sequence reads of 50 bps were obtained through standard Illumina image-analysis and default quality filters. Reads were aligned to the Build 38 mouse genome assembly (GRCm38/mm10) using BWA-MEM with default settings. Non-uniquely aligned reads were removed using SAMtools (Li and Durbin, 2009 ) and PCR duplicates were removed using Picard tools (http://broadinstitute.github.io/picard). To generate custom tracks for visualization, coverage within 200 bp windows was calculated and normalized to library and window size using deepTools (Ramirez et al., 2014) presented as reads per kilobase per million mapped reads (RPKM).
ChIP-Seq read enriched region calling:
Region calling was done as described in (Barlow et al., 2013) with minor modifications to further optimize calling of γH2AX-enriched regions. In brief, sequence reads were preprocessed as described above and statistical enrichment of uniquely aligned reads mapping within nonoverlapping 100bp windows was analyzed relative to a Poissonian random background using the SICER program (Zang et al., 2009 ) with parameters: e-value 10,000, gap size 300. Statistical enrichment of bins passing the first criterion was examined relative to negative control DNA from either input or isotype control ChIP reactions based on tag density fold increase determined from False Discovery Rate of 1 x 10 -5 . Subsequently, identified enriched windows that were less than 10 kb apart were merged to delineate enriched genomic regions. Finally, an empirical filtering step was applied to eliminate any regions with low coverage (<1.5 RPKM), width (<5 kb) or fold change (< 1.1), resulting in the final lists of highly enriched regions. While these settings were optimized for calling of γH2AX-enriched regions, the same settings were used for H3K27ac enriched region calling.
Generation of a merged γH2AX-enriched region list: Stringent lists of γH2AX-enriched regions from BCR-ABL1 and C-MYC were merged using the GRanges package (Lawrence et al., 2013) in R (R Core Team, 2015; https://www.R-project.org), taking the union of any overlapping regions.
Chromosomal distribution of enriched regions:
RPM values for γH2AX-enriched regions from the merged stringent list were calculated using BEDTools (Quinlan and Hall, 2010) . Ideograms in Figure 1F were plotted using the IdeoViz package in R and RPM values from BCR-ABL1 (run1). The percentage of total chromosome coverage for the merged region list shown in Figure 1G was calculated using Granges (Lawrence et al., 2013) and plotted against exon coverage estimates obtained from (Sakharkar et al., 2005) .
Correlation of γH2AX signals from different ChIP-Seq libraries:
RPM values for γH2AX-enriched regions from the merged stringent list were calculated using BEDTools (Quinlan and Hall, 2010) for BCR-ABL1 and C-MYC samples, with subtraction of the isotype signal. Scatter plots of log2 signal intensity were generated and overlapping/unique regions highlighted. Linear regression fit (red line) and Pearson's rho values (r) were calculated for each comparison.
Analysis of enriched regions for gene ontology (GO) pathway enrichment:
Genes overlapping γH2AX-enriched regions from BCR-ABL1 and C-MYC samples were identified using the R package ChIPpeakAnno (Zhu et al., 2010) and enriched biological process GO categories identified (P < 0.01). Enriched GO terms were associated with four empirically chosen parent categories: chromosome organization (GO:0051276), gene expression (GO:0010467), nucleic acid metabolic process (GO:0090304) and immune system process (GO:0002376). Pie charts were plotted for each enriched set before identifying common categories between BCR-ABL1 and C-MYC samples, removal of redundant GO terms and plotting of -log10 p-values.
Genic distribution of enriched regions:
Meta-gene profiles of γH2AX and H3K27ac signal distribution in Inset of Figure 4A and in Figure S4B were plotted for all Ensembl protein-coding genes (n=22,533) plus 10kb up-and down-stream using the ngs.plot package (Shen et al., 2014) . Signal profiles for all meta-gene profiles are normalized to gene length by spline fitting, to library size by RPM, and plotted as log2 fold change over isotype control ChIP-seq library. The intersection of enriched regions overlapping genic features shown in Figure 4A was determined using the ChIPSeeker R package (Yu et al., 2015) with TSS defined as +/-1kb and default settings.
Correlation of γH2AX and H3K27ac signals: Stringent region lists for both H3K27ac and γH2AX were merged for BCR-ABL1 and C-MYC, and RPM values within these regions were calculated from BCR-ABL1, C-MYC and isotype control samples using BEDTools before performing background subtraction. Negative signal values were arbitrarily set to 0.01 RPM for visualization purposes and excluded during calculation of Pearson's correlation coefficients. Scatter plots of log10 signal intensity were generated and overlapping/unique regions highlighted. Red lines indicate the linear regression fit.
Comparison of γH2AX regions to location of ERFS:
Identified γH2AX regions were compared to a previously published ChIP-seq dataset that characterized early replicating fragile sites (ERFS) in Hydroxyurea-treated mature B-cells (Barlow et al., 2013 ) (region list: Table S1, accession number: SRR648771). Published ERFS regions were converted from NCBI37/mm9 to GRCm38/mm10 (UCSC mm9ToMm10 chain file) for comparison to mm10 referenced γH2AX regions. FASTQ reads were extracted from SRA files using the SRA-toolkit and aligned against the mm10 genome as detailed for our own data. The observed overlap between regions was compared against the average number of permuted overlaps. Permutation models were performed with sex chromosomes and unmapable regions masked for 100,000 enumerations.
Comparison of γH2AX regions to location of RLFS:
Locations of potential R-loop forming sequences (RLFS) were identified throughout the mm10 genome using QmRLFS-finder (Jenjaroenpun et al., 2015) . Permutation testing was performed with the R package regioneR (Gel et al., 2016) with 10,000 enumerations per test. Analysis of RLFS enrichment within γH2AX regions was determined by re-sampling of genomic regions within masked mm10 genome, while enrichment within genes was determined through re-sampling of UCSC knowngenes. Enrichment of RLFS within highly expressed genes was performed in a similar manner but first restricting the total gene population to the top 1000 most high-expressed genes as ranked by mean expression across all conditions analyzed by RNA-seq.
Comparison of γH2AX regions to genomic defects in leukemia: For comparison of gene sets as shown in Figure 3B , datasets published in Mullighan et al 2007 (Mullighan et al., 2007 (Table S10 in respective article), Mullighan et al 2009 (Mullighan et al., 2009 (Table S4 in respective article) and Roberts et al 2012 (Roberts et al., 2012) (Table S3 and S7 in respective article) were used. Only defects that were reported for B-ALL and that relate to genomic deletion or translocation were used for comparison. Further, only those defects could be compared that were indicated to relate to annotated genes, and for which a respective counterpart could be found in the mouse genome. For example, iAmp21, Znf528, Ccdc26, Fam22f, C20orf94 and FLJ11273 from the Mullighan datasets were excluded from analysis because we could not relate them to a unique mouse gene. Also, lesions of extreme large sizes were not included into the analysis (e.g. 'all 10p' or '383 genes involved'). Reported defects affecting multiple genes (e.g. Atm/Rab39/Npat) were counted as one defect, and only one overlap of γH2AX regions was counted even if multiple genes within the defect exhibited overlap with respective Supplemental Table S5 .
Analysis of genic vs. intergenic distribution of structural variant (SV) breakpoints in leukemia genomes:
To analyze the genic vs. intergenic distribution of SV breakpoints identified in leukemia genomes as shown in Figure S4A , published breakpoint coordinates from Mullighan et al 2007 (Mullighan et al., 2007) (Table S10 in respective article), Papaemmanuil et al 2014 (Papaemmanuil et al., 2014) (Table S4 in respective article), Andersson et al 2015 (Andersson et al., 2015 (Table S7 in respective article), Holmfeldt et al 2013 (Holmfeldt et al., 2013) (Table S8 in respective article), and Paulsson et al 2015 (Paulsson et al., 2015) (Table S11 in respective article) were used. SV breakpoint coordinates were mapped to gene regions in R (exon, intron, promoter = 3kb upstream, downstream = 3kb downstream, distal = >3kb from gene boundaries). Significance of enrichment in genic regions was tested by hypergeomtric distribution test.
Comparison of γH2AX regions to replication timing: γH2AX regions were categorized as early or late replicating by comparison with ENCODE Repli-chip data (Mouse et al., 2012) . A zero-crossing algorithm was applied to wavelet-smoothed Repli-chip data from the CH12 cell line to identify early-replicating regions, and only regions called as early replicating in both biological replicates used to annotate γH2AX regions. Permutation models were performed as described previously.
RNA-Seq analysis:
Reads were aligned to the mouse genome (GRCm38/mm10) using STAR v2.5.0 (Dobin et al., 2013) , indexes were supplemented with UCSC known gene reference transcript assemblies. Alignment was performed with the following settings: --outFilterType BySJout, --outFilterMultimanNmax 20, --alignSJoverhangMin 8, --alignSJDBoverhangMin 1, --outFilterMismatchNmax 999, --outFilterMismatchNoverLmax 0.04, --alignIntronMin 20, --alignIntronMax 1000000. FPKM values were calculated with StringTie v1.3.0 (Pertea et al., 2015) . Differential expression analysis was performed in R (R Core Team, 2016; https://www.R-project.org) with DESeq2 v1.12.4 (Love et al., 2014) .
Comparison of RNA-Seq and γH2AX-ChIP-seq data: All UCSC known genes were categorized into low or high expression groups relative to the median FPKM value of expressed genes for each condition. The proportion of genes overlapping γH2AX regions falling into high or low expression categories was then determined. To compare γH2AX signals in high vs. low expression categories and in BCR-ABL1 vs. C-MYC differentially expressed comparison, all UCSC-known gene regions were extended by 10 kb and the γH2AX signal within these regions determined using the R package bamsignals v1.4.3, normalized to library size, and background signal from isotype control libraries subtracted.
DS-RED ChIP-qPCR:
For analysis of DNA damage upon inducible expression of the fluorochrome DS-RED, the expression vector TRMPVIR (Addgene) was modified by digestion with EcoRV and XhoI to remove the mVenus and rtTA cassettes. MYC induced B-cell precursor cells used for the experiments were generated from 53BP1-/-mice and first transduced with the TET3G expression plasmid (Addgene) followed by selection using 500µg/mL Geneticin/G418 (Sigma). Pre-selected cells were then transduced in triplicate with 24h time between each round of transduction using retrovirus encoding the modified TRMPVIR vector. Three days after the last transduction, 1µg/mL DOX was added to the media. After three days of DOX treatment cells were harvested for analysis by ChIP-qPCR. Cells were processed similar to cells designated for ChIP-seq including analysis by flow cytometry and dead cell removal by MACS. ChIP DNA was analysed in triplicate using SYBR Green Jumpstart Taq ReadyMix (Sigma) on the StepOnePlus (Applied Biosciences). For quantification of DS-RED the following primers were used: CGAGTTCATGCGCTTCAAGG as forward primer and GTCACCTTCAGCTTCACGGT as reverse primer.
qRT-PCR. For IL-7 cultured control and transformed cells, cells were harvested at day 7 p.i. as described, dead cells were removed by dead cell removal kit (MACS, Miltenyi), and then snap frozen on dry ice. For thymus and BM, cells were isolated freshly from 53BP1 -/-mice and snap frozen on dry ice. Stimulated B-cells were obtained freshly from 53BP1 -/-mice and cultured as previously described (Feldhahn et al., 2012) . RNA was isolated from cells using a column-based kit (Qiagen RNeasy) and cDNA was generated using RevertAid cDNA Synthesis Kit (Thermo Fisher). qPCR was performed using a SYBR green master mix (Sigma JumpStart) on a StepOnePlus platform (Thermo Fisher) and the following primer pairs: RAG1 forward AGGCCTGTGGAGCAAGGTAG and reverse TTTCATCGGGTGCAGAACTGA at 63ºC annealing; AID forward CCCTTGTACGAAGTCGATGAC and reverse ATCACGTGTGACATTCCAGGAG at 60ºC annealing (Crouch et al., 2007) HPRT forward CCCAGCGTCGTGATTAGC and reverse GGAATAAACACTTTTTCCAAAT at 60ºC annealing. Reactions were performed in triplicate and the average Ct and reaction efficiency were analyzed using the Pfaffl method (Pfaffl, 2001 ) to determine relative expression of AID and RAG1 using HPRT as the endogenous control. Expression levels of genes in experimental cells were plotted relative to expression in resting, naïve splenic Bcells.
